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ABSTRACT

This work addrasses the design and analysis of the discrete longitudinal
sutopilot for application to the bank-to-turn (BTT) missiles.

in the development. the classical design and analysis were reviewed
using the continuous uncoupled pitch channel autopilot for circular airframe.
Then,applying analog-to-digital conversion, the corresponding discrete
autopilot was designed. The performance of both continuous and discrete
open 100p systems was analyzed according to the desired requirements.

in the following section, utilizing modern control design techniques for
the discrete pitch channel autopilot, the control law was designed,
assuming availability of all the states and taking the desired poles to be at
the same place as in the classical design. Therefore the discrete state-
feedback autopilot was obtained and analyzed. The next step was the design
of an estimator which estimates the entire state vector, given
measurements of the portion of the state. The performance of the estimator
was analyzed too.

Finally coupling the discrete pitch and roll channel autopilots the
overall performance of the discrete system was obtained and analyzed. The
resuiting design was also proved to be robust)
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TABLES OF SYMBOLS AND ABBREVIATIONS

Bank-to-Turn
Coordinated Bank-to-Turn, minimum sideslip, positive a,

Pe < 180 deg.
rolling moment coefficient

pitching moment coefficient

slope of curve of pitching moment coefficient C,vs a
change in Cy, per degree pitch control incidence, §,
normal force coefficient

slope of curve of normal force coefficient Cyvs a
chenge in Cy per degree pitch control incidence, &
side force coefficient

reference length for coefficients (= 2 ft)

moment of inertia about yg axis

moment of inertia about zg axis

moment of inertia about Xg axis

autopilot pitch acceleration error gain

CBTT autopilot coordination branch gain

roll rate about Xg

roll acceleration about xg

preferred orientation control

dynamic pressurs

pitch rate about yg

pitch angular accelaration about g
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constant or equilibrium pitch anguler rate
yow angular rate about 2g

yaw angular acceleration about zp
reference area for coefficients (=1 f12)

Skid-to-Turn, roll attitude stabilized
velocity component in Xg direction

velocity component in Ug direction, assumed to constant
constant missile flight path velocity

missile velocity vector

velocity component in 2y direction

body-fixed roll axis, along axis of symmetry, positive forward
body-fixed pitch axis, positive starboerd

body-fixed yaw axis, forms right hended orthogonal system
with %g and yg

vehicle axis in downward direction along local gravity
vector , approximated as inertial axis

achieved normal acceleration in 2zg direction

commanded normal acceleration in E-g direction

achieved normal acceleration in yg direction

achieved normal acceleration 1nZ, direction

achieved normal acceleration iny, direction

normal acceleration command from guidance computer in
z, direction plus anti-gravity bias command

normal acceleration guidance command in Z, direction

normal acceleration guidance command in E,, direction
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roll attitude command from guidance computer, zero degrees
in -z, direction and 90 degrees in y, direction

roll attitude, zero degrees in -z-,, direction and S0 degrees
in y, direction

roll attitude error, ¢9,-¢

Elevation Euler Angle, second rotation, [(qcosg-rsing)dt
Azimuth Euler Angle, first rotation about Y, [(q cosg+rsing)dt
pitch control incidence (positive tail incidence produces
negative pitching moment)

commanded pitch controt incidencs, §,

yaw control incidence (positive tail incidence produces
negative yawing moment)

commanded yaw control incidence, &y

roll control incidence (positive tail incidence produces
positive rolling moment)

commanded roll control incidence , &g

constant or equilibrium angle-of-attack

angle-of -attack

angle-of-attack rate

angle of sideslip

sideslip angular rate

Optimal Systems Control Program

Optimal Regulator Algorithms for the Control of Linear

Systems
plant state =Ny x 1 or nx |
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number of states
control =N, x 1 or mx |
number of controls

continuous plant system matrix
discrete plant system matrix
continuous plant control input matrix

dicrete plant control input matrix

output measurements

plant output matrix

plant direct transmission metrix
control gain (1aw)

estimator gain

~ X & TE OO P> TN ZF CcZ

sampling period
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Missile systems designed to meet the threat< of the future will require
capabilities far beyond of those currently available. Future requirements
dictate the need for dramatic incresses in Short Range Air-to-Air Missile
(SRAAM) maneuverability and guideance accuracy. Many current missile
designs, which are cheracterized by cruciform airframes and skid-to-turn
(STT) steering, cannot be extended to meet these requirements due to low
aerodynamic efficiency. Bank-to-turn steering provides the capability to
design asymmetric missile airframes which optimize aerodynamic
performance in one plane and thus obtain the SRAAM maneuverability and
accuracy requirements. Furthermore the ramjet engine chin inlet
configuration is believed to provide a grester range capability than other
inlet configurations, and BBT control is required to satisfy the sideslip
constraints imposed by chin inlets.

In addition, to its potential advantages, BBT steering introduces some
technical concerns which must be carefully evaluated. For exampie, the
methodology for designing & bank-to-turn autopilot is not well developed.
Such a design must take into account the aerodynamic and kinematic
coupling terms as well as allow for operation a low signal levels (i.e, small
angle of attack) when the preferred roll orientation is poorly defined. in
addition, the coupling of body motion into the guidance signais is another
major concern for BBT systems. Recent analyses have indicated that some

skid-to-turn (STT) systems can tolerate a limited amount of radome-
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...............................................

induced instabilities without severs performance degradation [Ref.1]. In a
BBT system a coupling loop is closed through roll rate as well as pitch and
yaw rates [Ref.2]. It is not known whether BBT systems can tolerate
: coupling induced instabilities. Another concern is the interaction of BBT
] control with missile functions such as detection (seeker), guidance signal
processing ,control surface effectiveness, etc.
All the above concerns must be investigated before BBT steering can be
‘ considered a viable method to control high performance tactical missiles.
‘ Many missile programs were initiated during the pest decade to
improve the capability of steering a tactical missile via BTT control. The
results have grestly advanced the understanding of the various missile .
subsystems.
In the sutopilot area, specificaily, many types of autopilots have been
i found which force the missile to rol) or bank so that the steering maneuver
; occurs with the missile airframe oriented in a specific or preferred
diraction with respect to the incoming airsteam. This entire class of
l autopilots referred to as Preferred Orientation Control (POC) autopilots.
The main criterion for the selection of one particular type of autopiiot
is based upon the guidence, airframe, and propulsion system requirements.
. Generally missiles with either one or two planes of symmetry use a POC
autopilot which forces the missile to bank in order to turn (BTT) ltke an -
: aircraft, and if this motion is coordinated it is usually referred to as CBTT.
» in order to take full advantage of CBTT control, pianar airframes have
been designed to incresse 1ifting cepability in one direction without the
weight and drag penaity associated with orthogonal 1ifting surfaces [Ref.1]. _ »

20




These airframe have aerodynamic properties which have the potential to
enhance CBTT control.

The present work addresses the design and anaiysis of the discrete
pitch channel autopilot for application to the bank-to-turn (BTT) missiles,
with circuler airframe configuration. The circular eirframe is chosen
because it is stable for all angles of attack.

In the development the classical design and anaiysis of the uncoupled
pitch chennel autopilot as wers daveloped in reference [Ref.3], are reviewed.
Using state-space representation a tenth order system is formulated and
the Step Response, Bode and Pole-Zero Map plots are obtained and analyzed
according to the desired requirements. Then the continuous system is
converted into the corresponding discrete system using Analog to Digital
conversion from ORACLS, and analyzed according to the Step-Response,and
Pole-Zero Map plots obtained. A comparison of the plots of both the
continuous and discrete systems shows no significant differences.

Next, utilizing modern control design technigues and assuming that we
have all the states at our disposal for feedback purposes, the control law is
designed using the Ackermann's formula [Ref. 6] and taking the desired poles
to be at the same place as in the classical case. Using the control law gains
the discrete state-feedback autopilot is designed and the Step Response,and
Pole-Zero Map plots are obtained and analyzed. Then, since we usually know
only 8 portion of the state veriables, an estimator is introduced in order to
estimate the entire state vector given measurements of that portion. The
poles of the estimator are moved to the left of the original poles of the
system in order to get faster response. Plots as above are obtained and an
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anelysis is made. Next the designed discrete pitch channel sutopilot is

coupled with the discrete roll channel autopilot and the whole discrete
system is analysed and proved to be robust. Finelly conclusions and
recommendations for future study are stated.

The anelysis in a1l the above coses was performed using the existing at
NPS Optimal Systems Control Program (OPTSYS) for the continuous system,
Optimal Regulator Algorithms for the Control of Linear Systems (ORACLS)
for the discrete system, and Pole Placement and Robustness Design Program
(POPLAR) for the robustness of the discrete system.
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A. GENERAL
The tnitial phase in the design of the CBTT autopilot involved the design
of individual, uncoupied channels, pitch, yaw, end roll, with prescribed
relationships between speeds of response which would meet the CBTT
requirements when coupled.
The design technique for the uncoupied pitch channel was classical, using
8 combination of Frequency Response and Root Locus techniques [Ref. 2], to
achieve practical bandwidths and in turn provide the range of required
missile body angular rates and control motions. In addition, the resulting
design is found to be robust.
The whole design was done for a flight condition at M=3.95 and
Altitude=60 KFT.
The requirements for the classical design technique, as stated in
[Ref. 2] are:
|. High Frequency Attenuation in Actuator Command Branch
2 15 dB at 100 rad/sec and zero angle-of-attack. This requirement
limits autopitot speeds of response.
2. Relative Stapbility;
Gain margins > 6 dB, Phase margins 2 30 degrees with a goal of
12 dB and 50 degrees.
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3. Acceleration Time Resgonse
a. 63 percent time constant of 0.5 seconds for a step command of

acceleration at the flight condition of interest (M=3.95, Altitude=60 KFT)
and small angle of attack. This response is representative of a tactical
missile of this size.
b. Overshoot < 10 percent.
c. Zero steady state error in acceleration to reduce variations of
guidance navigation gatn.
in this chapter the airframe configuration, the serodynamic model and
control law for the pitch channel are reviewed. The transfer functions for
circular airframe which is stable for all angles of attack [Ref. 2], are
derived. An analysis for the' uncoupled pitch channel, as regards the
acceleration response, the body angular rate and control surface deflection,
in terms of time resposnes and pole~zero map picts for both the continugus
and discrete system and frequency responses for the continuous system, is
made, using the existing at NPS Optimal Systems Control Program (OPTSYS)
for the continuous system, and Optimal Regulator Algorithms for the Control
of Linear Systems (ORACLS) for the discrete system. Finally a comparison of
the continuous and discrete system by analyzing the above results is made.
A general block diagram of the BTT autopilot is shown in Figure 2.1.

B. AIRFRAME CONFIGURATION
An investigation has been conducted by NASA [Ref.d4] to compare the
experimental aerodynamic characteristics of a low-drag missile concept

with 8 body of circular cross section to one with a body of 3:1 elliptical
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cross section, the bodies having identical cross section ares distributions.
The concepts were of mono-wing design with constant wing span. Tail
surfaces were located flush at the body base with £30 degrees dihedral.
Wwind-tunnel tests were performed at Mach numbers from 0.5 to 463 and at
angies of attack from about -590 to +28 0.

The comparison shows no significant subsonic normasl force differences
at low angles of attack; however, at supersonic speeds, the elliptical
concept increasingly provides greater normail force up to Mach 2.5 to 3.0,

beyond which an incremental increase of about 25 percent hoids through the -

angie of attack range. More pronounced nonlinearities in pitching mement
occur at subsonic speed for the elliptical concept, as well as less
longitudinal stability at all test Mach numbers. However, leveis of
directional and lateral stability are increased, especially at the higher
angles of attack.

This work uses the circular airframe configuration which is shown in
Figure 2.2 and it is taken from [Ref. 4]. The circular cross sectional body has
a closure ratio Ay,g/Ama. 0f 0.69 and the A, occurs at 68 percent body
length.

C. UNCOUPLED LINEAR PITCH CHANNEL AUTOPILOT

1. Aerodynamic Model
The following addresses the linear design and analysis of the
continuous uncoupled pitch channel autopilot for the circuler airframe.
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A linearized aerodynamic model was developed for stability studies.
The method used is an extension of the linearization technique used for
skid-to~turn (STT) aerodynamic models.

The following three assumptions were made:
8. Plane Xg-Zgof Figure 2.3 is the maneuver piane.

b. Missile is trimmed in pitch (i.e, M,=0, at fixed velues of a, g, and
&).

c. Missile roll rate is constant.

The resuiting model is shown in block diagram form in Figure 2.4.

Aerodynamic stability derivetives for M=3.95 are provided in Table I.

2. Pitch Controj Law

The pitch control law for the circular airframe is shown in Figure 2.5
as given in [Ref. 2]. Lag-leads were used to prevent gquidance noise
saturation problems. The rate error compensation determines the high
frequency attenuation and was used to minimize the effect of serodynamic
variations on acceleration time response. The acceleration error
compensation determines the acceleration time response. An integrator was
used in the acceleration error branch to satisfy the guidance requirement of
zero steady-state error.

A normal acceleration command (n,.) equal to 1 gee is applied to the
pitch control law which uses measurements of missile body pitch angular
rate (q) and pitch normal acceleration (n,) to determine the required
actuator command (§,). The actuator is modeled as a first order lag at

188.4 rad/sec (30 HZ) and is shown in Figure 2.6.
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Uncoupled pitch aerodynamic transfer functions are

Es
— l
q k(AE-BC) k(AE-BC)
= , deg/sec/deg ( IL.C.3-1)
| & -C 2 Aks
+ + 1
-C -C
B s?
i — |
n,  AE-BC AE-BC
z s Q’s/deg (I1.C.3-2)
8 -C 2 Aks
+ + ]
' - -
QS q5 (573) qS5d
_ Az——Cy, , B= Cnsp , C = Crma
i W v »
(573) qSd 1845
: E = Crogp, k=—
] Ly v
‘ Where:
V=Ma=3.95 x 968.47= 3825.46 ft/sec
R S=7 ft2
) d= 2 ft
g= 1650  1b/ft2
L= 804 slug-ft2
w=2525 Ibs
, Coma = -0.06
Cms p= 008 T
Cna =0.15 \
I
) - -.!
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As referred to in Appendix A and Table I.

Then

A =0.30793

B =0.08211
C=-4433162
E =-59.10883
k = 0.48229

And substituting the aforementioned values into equations (II.C.3-1)
and (I11.C.3-2) they become:

q -1.3361 s -0.159 -*-
= (1/sec) (11.C.3-3)
p 22545 % 10352+ 33634x 10°3g + |

Ny 106.074 % 10-3 52 - 18.82
(g’s/rad) (11.C.3-4)

& 22545% 10352+ 3.3634x% 103s + |

| Equations (11.C.3-3) and (I1.C.3-4) are the pitch aerodynamic transfer o
; A
' functions for the pitch angular rate {(q) about the Yg and the achieved 1

. e

maneuver acceleration n, in the Zg direction. ;t:;‘.::;

| 4. Design Approach and Anajysis of the Continuous Open Loop System Tt
A fixed flight condition at 60 KFT aititude end M=3.95 was selected aa

for these preliminary performance studies of circular airframe. This flight 7

condition provides a sufficiently low dynamic pressure, so that missile =

maneuvers will result in large enough angles-of-attack, to exercise side "

slip control. The above fixed condition was selected, in order to reduce the

complexities of CBTT autopilots.

..........
.........................
......................................
--------------------------------------

........................................................
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TABLE [

Linearized Aerodynamic Derivatives (M=3.95)
Gircular Airframe
8=0° 8=10° 8=20°

Ces -0.065 -0.082 ~0.111
Cag -0.025 -0.019 -0.003 >
Cis 0 -0.009 -0.020 o
Cys v 0.021 0.022 0.028
Crsy -0.050 -0.053 -0.062
Cisv 0 -0.016 -0.038 il
Cysr 0 -0.009 -0.022 :
- 0 0.018 0.044 L
Cur 0.031 0.035 0.044 R
Coa 0.15 0.17 0.22 :
Cusp 0.04 0.04 0.05

Cona ~0.060 -0.065 -0.118
Cma P -0.080 -0.095 -0.115 S
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Reference Center of Gravity (C.G) at 061
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The analysis of the uncoupled pitch channel sutopilot is based, on the

time responses, and Bode plots of maneuver plane acceleration, body angular
rates and tail incidence angles, obtained by OPTSYS control program of NPS.
For that reason the differential equations of the uncoupled pitch channel
autopilot must be put in state-space form X=FX+6U, which is obtained as
follows:

a. Equations of Control Law

(1) Acceleration Filter Equetjon
1
P ¥ (1.C.4-1)
S
+ 1
150
or
Xy S+ 150 Xy = 150 n, (11.C.4-2)
and utilizing inverse Laplace Transformation it becomes:
Xy = -150 X, + 150 n, (11.C.4-3)
(2) Acceleration Compensator Equation
$+0.143
(-0.0387)
Y 0.143
z (11.C.4-4)
(%) s(s+5)
S
or by minor manipulation
Y -0.27063 s -0.0387
= (11.C.4-5)
(ng-X%,) 0.2s2+s

and utilizing inverse Laplace Transformation it becomes:
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¥+5¥2-1.3531(Rzg-X, )-0.1935(n,,-X, ) (11.C.4-6)
Using state-space representation of a system, in which the
forcing function involves derivatives terms [Ref. 5: pp 675-678] one yields:

Xp= Xz-1.3531(n,g-X,;) (IL.C.4-7)
Xg= ~5X5+6.572(N,0~X,) (11.C.4-8)
Y =X, (I1.C.4-9)
(3) Rate Compensator Eguation
s +6.55
(-156)
6.55
8pc = (X = %) (11.C.4-10)
$+0.143
0.143
or
-2.3816s - 156
8pc = (Xp - X4) (I1.C.4-11)
6.993 5 + |

and using inverse Laplace Transformation it yields:
8pc=-0.1438,,-340.58 % 1073(X-X4)-2.2308(X,-X,) (I1.C.4-12)
b. Actuator Equation

1

89 - spc (II.C.4‘ 1 3)
s+ 1884
188.4
and using inverse Lapiace Transformation it yields:
8 = -188.4 8,+188.4 5,, (ILC.4-14)
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c. Equations of Aerodynamic Model

From serodynamic transfer function, EqQ. (I.C.3-3)

q -1.3361s-0.159
= , or
& 22545 % 10352+ 33634 10735 + |

22545% 103qs2+33634x%x103qs+q=-1.33618s-0.159 &
(I1.C.4-15)

and using inverse Lapiace Transformation it yields:
q+ 149.18610°3 g + 44.3557 q =-59.2637 §, -7.0526 &, (IL.C.4-16)

Using state-space representation of a system, in which the forcing
function involves derivatives terms [Ref. 5. pp 675-678] one obtain:

X4 = Xg -59.2637 &, (1.C.4-17)
Xs =-149.186 x10°3 Xs -44.3557 X, + 1.7887 §, (11.C.4-18)
X4=4 (I1.C.4-19)

From aerodynamic transfer function £q.(11.C.3-4)

N, 106.074x 107352 - 1882

, or
S 22545 % 10352 + 33634% 103s + |

22545%103s2n, + 3.3634 %103 g n, + n,= 106.074 107352 §,-18.828,

(11.C.4-20)
or N, + 149.186 x 10-3n_ + 44.3557 n, = 4.705 & - 834.775 &
(I.C.4-21)
and proceeding as above it yields:
Xg = X7 - 701.92 % 10735, (11.C.4-22)
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Xq = =149.186 x 1073 X3 - 44.3557 X - 1043.368, (I1.C.4-23) o
ny = Xg + 47058, (I1.C.4-24) S

Utilizing state-space representation, all the aforementioned

gquations can be modeied in & tenth order system as follows:

X;= =150 Xy +150 Xg + 705.75 5, (I1.C.4-25) Bt
Xy = X3 = 1.3531 nye + 1.3531 %, (11.C.4-26) o
%z = =5 Xz + 6,572 n,, - 6.572 X, (11.C.4-27)
R¢ = Xg - 59.2637 §, (11.C.4-28) st
Xs = -149.186 x 1073 Xs -44.3557 X, + 1.7887 §, (11.C.4-29) o
Xg =X -701.92% 103§, (11.C.4-30)

X7 = =149.186 % 1073 X, - 44.3557 Xg - 1043.36 §, (11.C.4-31)

§,=-188.4 8, + 188.4 &, (1L.C.4-32)

§o = =0.143 8§, ~2.2308 X, + 2.2308 X, -340.58 x 103 Xz +
+ 460,839 X 1073 ny, - 460.839 % 103 X, + 340.58 x 10-3 Xg -
-20.184§, (I1.C.4-33)
g = ~( Xq - 887.124 §, + 886.422 &, ) (I1.C.4-34)

A continuous, linear, constant coefficient system of differential
equations, as above, can always be expressed as a set of first-order matrix
differential equations X = FX+GU where U is the control input to the
system. The output can be expressed as a linear combination of the state, ¥,
and the input as y= HX+JU.

The state method of representing a dynamic system is very useful
because it standardizes the information required into three matrices, F, G,
and H, no matter how complicated the system is.

in our case the matrices are:

39
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X, W X, 0
%o %o -1.353
Xz X3 6.572
Xe X 0
X= | Xs X= | Xg G=| 0
X6 Xe 0
e Xq 0
b 5 0
$po Spc 0.4608
N, Ny 0
U=ng
-150 0 0 0 0 0 0 0 0 150
1353 0 1 0 0 0 0 0 0 0
-6572 0 -5 0 0 0 0 0 0
0 0 0 0 | 0 0 -5926 0 0
F{ O 0 0 -44.36-0.1492 0 0 1789 0 0
0 0 0 0 0 0 1 -07019 0 0
0 0 0 0 0 -4436-0.1492-1043 0 0
0 0 0 0 0 o 0 -1884 1884 O
-0.4608 -2.231 -0.3406 2.231 0.3406 0 0 -20.18 -0.143 0
] 0 0 0 0 0 O -1 8871 -8864 O |

The state-variables of interest are:
X4 = q:pitch angular rate

ng : pitch normal acceleration
& : pitch tail incidence
Utilizing OPTSYS the tenth order system was analyzed in terms of

time and frequency responses, using an input step function representing the
"1 gee command” and trim angle-of-attack a,=0, and the corresponding plots

were obtained.
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onf
Figure 2.7 shows the pitch normal acceleration (n,) resporise which \E
has a 0.5 seconds time constant, steady-state error 0.005 and 2.0 % Ty

overshoot, and therefore is according to the requirements mentioned in
section ILA.

Figures 2.8 and 2.9 show the required body enguler rate (q) and ol
control surface deflection (8,,), to achieve the acceleration response. These

responses matched those presented in [Ref. 3].

Figures 2.10 through 2.15 show the frequency responses of normal i
acceleration (n,), angular rate (q), and tail incidence (5,). The relative \
stability margins are shown in Table II. Since the gain and phase margins, as "
shown in Table II are positive, it ensures that the closed loop (controlled) 'f“i::;i"
system will be stable. s

Figures 2.16 through 2.18 show the Pole-Zero Maps of n,, g and & The e
poles locations are found to be at: g
8y =-159.7+§ 1899  (Acceleration Filter) (I1.C.4-35) e
s =-158.7-j 1899  (Acceleration Compensator)  (I1.C.4-36) ,
s3 = -8.290 + | 8.059 (11.C.4-37) LS
s4 =-8.290 - ] 8.059  (Angular Rate) (11.C.4-38) T
8s =-3.759 +j 2515 (I1.C.4-39)
sg =-3.759 - | 2515 (11.C.4-40) e
$7 = ~0.14390000 (I1.C.4-41) S
sg =-0.000004251  (Actuator) (11.C.4-42) ‘
89 =-0.07459 + | 666 (Rate Compensator) (11.C.4-43)
849 = ~0.07459 - | 6.66 (Normal Acceleration) (11.C.4-44) T

sinse all poles are in the left-haif of the s-plane the system is stable.
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Figure 2.7 Pitch Normal Acceleration vs Time; Uncoupled Pitch Channel; 3
Continuous Open Loop System.
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Figure 2.9 Pitch Tail Incidence vs Time; Ucoupled Pitch Channel;
Continuous Open Loop System.
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TABLE II R

Stability Margins of Uncoupled Pitch Channel

q 5 nz i

i Phase Crossover Frequency (rad/sec). 56.6896  ----- 57.2151 s
Gain Margin (DB): 20.0988  ~---- 75450

Gain Crossover Frequency (rad/sec): 5217.1016 =----- 375.9622 e

I Phase Margin (Degrees): 879482  ----- 62.9508
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Figure 2.16 Pitch Normal Acceleration; Uncoupled Pitch Channel;
Continuous Open Loop System; Pole-Zero Map.
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The zeros of pitch normal acceleration are found to be at:

8 = -150.00
13.32

-1332

- 6.550

= - 0.000008758
0.000004509

- 0.1430

= - 0.07459 + | 6.66

Sg = - 0.07459 - | 6.66

S 9 & LERY

The zeros of pitch angular rate are found to be at:

sy =-150.00

s =-0.119

s3 = 0001734

S¢ = - 6.550

ss =-0.000867 + j 0.001516
s¢ = - 0.000867 - j 0.001516
sy =~0.1430

sg = - 0.07459 + j 6.66

S =~ 0.07459 - j 6.66

The zeros of pitch tail incidence are found to be at:

sy =-150.00
s, =-0.000001322
sz =~ 6.550
0.000001189

Sq

S5

(I1.C.4-45)
(I1.C.4-46)
(11.C.4-47)
(11.C.4-48)
(11.C.4-49)
(11.C.4-50)
(I1.C.4-51)
(11.C.4-52)
(11.C.4-53)

(I1.C.4-54)
(11.C.4-55)
(I1.C.4-56)
(I1.C.4-57)
(11.C.4-58)
(11.C.4-59)
(11.C.4-60)
(I1.C.4-61)
(11.C.4-62)

(11.C.4-63)
(11.C.4-64)
(I1.C.4-65)
(11.C.4-66)
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2 &g = - 0.1430 (IL.C.4-67)
' s = - 007459 + | 6.66 (IL.C.4-68)
\ $7 = -0.07459 - | 6.66 (11.C.4-69)
< S = - 0.07459 + | 6.66 (11.C.4-70)
= S = - 0.07458 - | 6.66 (1.C.4-71)

5. Desian 2 n_and Analusis of the Discrete O Sust

The control of physical systems with a digital computer is becoming
more and more common. Many new digital control applications are being
stimulated by microprocessor technology. Among the advantages of digital
logic for control are the increased flexibility of the control programs and

the decision-making or logic capability of digital systems which can be

s, v .
A ot
P A

shared with the control function to meet other system requirements.

In order to compute the state X(t) by use of a digital computer, the
: continuous-time state equation X = FX+GU must be converted into the
) discrete-time equation X = AX+BU , assuming that the input vector U
changes only at the equally spaced sampling instants T.

Utilizing the Analog-to-Digital conversion of ORACLS the continuous
time matrices F and 6 were converted to the discrete time matrices A and
B using sample time T=0.0125 sec (Frequency=80 cps).

_ The computer listing of the above conversion is shown in Appendix B.
The TRANFUNC option of ORACLS was used to analyze the dicrete open
S loop transfer function and time responses and pole-zero maps plots were
obtained as for the continuous system.

Figures 2.19 shows the discrete time response of pitch normal
acceleration (n,) which has & 0.5 seconds time constant, steady-state error
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used in all cases.

2, =0.1320 + § 0.03194
2,=0.1320 - § 0.03194
2z = 0.8970 + § 0.09067
24 = 0.8970 - § 0.09067
2s = 0.9536 + j 0.02999
2 = 0.9536 - § 0.02999
27 = 0.9982

2g = 1.0000

29 = 0.9956 + j 0.08307
240= 0.9956 - j 0.08307

2, =-0.4663
0.1532
0.8466
1.1810
0.9214

N N N
» ™ N
1] [1] 1]

N
[4)
n

requirements mentionted in section I1.A.

and §, The poles are found to be at:

(Acceleration Filter)
(Acceleration Compensator)

(Angular Rate)

(Actuator)
(Rate Compensator)
(Normal Acceleration)
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about 0.005 and 2.0% overshoot, and therefore is according to the

Figures 2.20 and 2.21 show the discrete time responses of pitch
enguler rete (q), and pitch tail incidence (§,). These responses matched

those presented in [Ref. 3]. An input step function representing 1 gee” was

Figures 2.22 through 2.24 show the discrete Pole-Zero Maps of n,, g,

(I1.C.5-1)
(11.C.5-2)
(I1.C.5-3)

- (I1.C.5-4)

(I11.C.5-5)
(I1.C.5-6)
(11.C5-7)
(11.C.5-8)
(I1.C.5-9)
(I1.C.5-10)

Since all the poles are within the unit circle the system is stable.
The zeros of the discrete pitch normal acceleration are found to be st:

(IL.C.5-11)
(ILC.5-12)
(I1.C.5-13)
(I1L.C.5-14)
(IL.C.3-19)
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Figure 2.21 Pitch Tail Incidence vs Time;
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Figure 2.22 Pitch Normal Acceleration; Uncoupled Pitch Channel;
Discrete Open Loop System; Pole-Zero Map.
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27
25
29

0.9982
1.0000

0.9956 + j 0.08307
0.9956 - j 0.08307

(I1.C.5-16)
(IL.C.5-17)
(I1.C.5-18)
(I1.C.5-19)

The zeros of the discrete pitch angular rate are found to be at:

2
22
23
24
25
2
27
28

29

== 2.2750
0.1534
- 0.1386
0.9985
0.9214
0.9982
1.0000

0.9956 + § 0.08307
0.9956 - § 0.08307

(I11.C.5-20)
(I1.C.5-21)
(11.C.5-22)
(11.C.5-23)
(11.C.5-24)
(11.C.5-25)
(I1.C.5-26)
(11.C.5-27)
(I1.C.5-28)

The zeros of the discrete pitch tail incidence are found to be at:

2
22
23
24
2
2

S &

= - 0.4658
= 0.1532

= 0.9956 - j 0.08307
= 0.9956 + j 0.08307

09214
0.9982
= 1.0000

0.9956 + | 0.08307
0.9956 - j 0.08307
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(I1.C.5-29)
(I1.C.5-30)
(I1L.C.5-31)
(I1.C.5-32)
(I1.C.5-33)
(I1.C.5-34)
(I1.C.5-35)
(I1.C.5-36)
(11.C.5-37)
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6. Com ntiny nd_Discr t

in this chapter the classical design of the continuous uncoupled pitch
channel autopilot, as was developed in [Ref. 3], was reviewed, and the
corresponding discrete channel was obtained using state-space
reprasentation of the system and the Analog-to-Digital Conversion option
of ORACLS.

A comparison of the time responses in the s-domain (Figures 2.7
through 2.9) with those in the z-domain (Figures 2.19 through 2.21) shows
that the two systems behave the same way. In addition both systems are
stabie as it can be seen from the pole-zero maps of the continuous system
(Figures 2.13 through 2.15) , and the discrete system (Figures 2.22 through
2.24) , since their poles are maping according to relation z=esT.

The similarity of the continuous and discrete systems allow us from

now on to work on the discrete domain without any loss of accurasy, and
using the computer to meke things much easier.
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UNCOUPLED PITCH CHANNEL AUTQPILOT

A. GENERAL

The design technique for the uncoupled pitch channel, as developed in
IRef. 3], was classical using a combination of frequency response and root-
locus techniques.

In classical control theory, only the input, output, and error signals are
considered important; the analysis and design of control systems are
carried out using transfer functions, together with a variety of graphical
techniques as root-locus plots and Nyquist plots. The unique characteristic
of classical control theory is that it 1s based on the input-output relstion of
the system, or the transfer function.

The main disadventage of clessicel control theory is thet, generally
speaking, it is applicable only to linear time-invariant systems having a
single input and a single output. It is powerless for time-varying systems,
non-linear systems (except simpie ones), and multiple-input-muitiple-
output systems. Thus classical techniques (the root-locus and frequency
response methads) do not apply to the design of optimal and adaptive control
systems, which are mostly time-varying and/or lineer.

The modern trend in engineering systems is toward greater complexity,

due mainly to the requirements of complex task and good accuracy. Complex
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systems mey have ‘multiple inputs and multiple outputs and may be time-
varying.

Because of the necessity of meeting increasingly stringent requirements
on the performance of control systems, the increase in system
complexity,and easy access to large-scale computers, modern control
theory, which is a new approach to the analysis and design of complex
control systems, has been developed since around 1960. This new approach
is based on the concept of state-space representation.

Modern control theory is contrasted with classical control theory in that
the former is applicable to multiple-input-multiple-output systems, which
may be linear or non-linear, time-invariant or time-varying, while the
latter is applicable only to lingar time-inveriant single-input-single-output
systems. Also, modern control theory is essentially a time-domain
approach, while classical control theory is & compiex frequency-domain
approach.

System design in classical control theory is based on trial-and-error
procedures which, in general, will not yield optimal control systems.
System design in modern control theory, on the other hand, enables the
engineer to design optimal control systems with respect to given
performance indexes. In addition, design in modern control theory can be
carried out for a class of inputs, instead of a specific input function, such
as the impulse function, step function, or sinusoidal function. Also, modern
control theory enabies the engineer to include initial conditions in the
design.
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The equations of the uncoupled pitch channel sutopiiot have aiready been
in state-space form X = AX + BU ,in the previous chapter , and therefore

we proceed in the modern control design of the discrete state-feedback
sutopilot.

| RAARERS o e S T AN

B. STATE FEEDBACK DESIGNED AUTOPILOT
1. Design Agoroach and Analysis of Control Laow

E One of the attractive festures of state-space design methods is that
the procedure consists of two independent steps. One step assumes thet we
have all the states at our disposal for feedback purposes. in general, of
course, this would be unreatistic since a8 practical engineer would not, as a
rule, find it necessary to purchase this large number of sensors, especially
since he knows that he would not need them, using classical design methods.
The assumption that al) states are aveailable merely allows us to proceed
with the first step, namely, the control law. The remaining step is to design
an “estimator” which estimates the entire state vector, given measurements
of the portion of the state provided by y = HX + JU.

The final control algorithm wi.i consist of the control law and the
astimator combined where the control-law calculations are based on the
estimated states rather than the actusl states. This substitution is
reasonable and the combined control law and estimator will give closed-
laop dynamic characteristics which are unchanged from those assumed in

designing the control l1aw and the estimator separately. The dynamic system
we obtain from the combined control law and the estimsator is called the
controller.The first step is to get a good control law.
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| The control law is simply the feedback of a linear combination of all
- the states, that is,

i U= -KX (I111.B.1-1)

r | The characteristic equation of the controiled (closed loop) system is
fh | det( 21-A+BK 1 = 0 (11L.8.1-2)

3 The control l1aw design then consists of picking the elements of K so
: that the roots of equation I111.B.1-2 are in desirable locations.

A program logic for application of Ackermann’'s formula to compute

the control 1aw is given in Appendix C. The program reads in.the sample time
T, the discrete matrices A , B and the desired pole locations in the s-plane
and gives as output the control law matrix K. T
§ The program used in this work was written in WATFIV computer ‘}'4
Ef languege and is given in Appendix D. 1
E In sectfon I11.C.5 utilizing Anaiog-to-Digital conversion the discrete ::3,;1:}
uncoupled pitch channel matrices A and B were obtained. Also the analysis ‘
S of the continuous open loop system, obtained from OPTSYS, showed the _'
& eigenvealues of the classicel design tobs at: e
F sy =-159.724 + j 189921 (111.8.1-3)
3 s, = ~158.724 - | 18.9921 (I11B.1-4)
$ &5 = ~8.29048 + § 8.05932 (I118.1-5)
* $4 = -8.29048 - | 8.05932 (I118.1-6) 3
* s¢ = -3.75925 + § 2.51463 (111.B.1-7)
. 8 = ~3.75925 - § 2.51463 (I11B.1-8) o
° 87 = -0.14393000 (1118.1-9) o
: s = ~0.00000425 (111.8.1-10)
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89 = -0.074593 + | 6.65959 (11B.1-11) 55_2:};_:3

$102 -0.074593 - § 6.65959 (111B.1-12) S5

Utilizing Ackermann’s formula program (Appendix D) end using ;}_;-:;‘
sample time T= 0.0125 sec (80 cps), the discrete matrices A,B (Appendix B) ' \x
and desired poles locations in s-plane the continuous open loop eigenvalues : 1.';5
(equations 1I1.B.1-3 through I11.B.1-12) the control law was found to be: ;.::::;5'_;
K=[-00188  -00279 -0.0042 00290  0.004] o

0.0 0.0001 17732 -20162  0.0131] s
(I11.B.1-13) et

Utilizing Transfer Function Analysis from TRANFUNC option of
ORACLS, and using the discrete moatrices A,B and K the state-feedback )
autopilot was designed and analysed according to step responses and Pole- *!
Zero Maps. S
2. Parformance of Sustem B

A comparison of the discrete open loop eigenvalues (det[ z1-A [=0), , !
obtained using the Compensator Transfer Function Analysis from TRANFUNC S
option of ORACLS: ' T
2, =0.131993 + j 0.0319377 (111.B.2-1) s

2, =0.131993 - § 0.0319377 (1118.2-2) L

2z = 0.896987 + | 0.0906708 (111.8.2-3)

24 = 0.896987 - § 0.0906708 (111.8.2-4) -

25 = 0.953625 + | 0.0299850 (111.8.2-5)

26 = 0.953625 - § 0.0299850 (111.8.2-6) b

2, =0.998202 (111.8.2-7) Fom

2g = 1.000000 (1118.2-8) T
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29 =0.995608 + § 0.0830713 (111.8.2-9)
240 = 0.995608 - j 0.0830713 (I11.B.2-10)
with the closed loop regulator eigenvalues (det[ z1-A+BK ]=0)
obtained using the Transfer Function Analysis from TRANFUNC option of

ORACLS:
2, =0.134462 + | 0.0320974 (I1LB.2-11)
25 =0.134462 - § 0.0320974 (1118.2-12) s
25 = 0.896990 + | 0.0906457 (111B.2-13) st
2, =0.896990 - | 0.0906457 (I118.2-14) lt-,t;
25 = 0.953624 + | 0.0299994 (111.B.2-15)
2 = 0.953624 - § 0.0299994 (11LB.2-16) R
27 = 0.998202 (111.8.2-17) ft.'-'.' ‘
2 = 1.000000 (II1.B.2-18) S
29 = 0.995608 +  0.0830713 (111.B.2-19) RS
240 = 0.995608 - j 0.0830713 (111.8.2-20) l o
shows no significant differences.
Figures 3.1 through 3.3 show the discrete closed loop time responses L

of pitch normel acceleration (n,), pitch anguler rate (g), and pitch tail
incidence (§). An input step function representing "1 ges" was used. A
comparison of the responses mentioned above, with the corresponding time
responses of the discrete open loop system [Figures 2.19 through 2.21 shows
that they are identical.

Figures 3.4 through 3.6 show the Pole-Zero Map plats of n,, q, and &,
All the poles,given by equations II1.B.2-11 through I11.8.2-20, are inside the

unit circle and the system is stable. There are no resl zeros in the system.

-----------------------------------------------------------------
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-----------------------------------------
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in the previous section the state-feedback autopilot was designed
using the feedback gain vector (equation II1.B.1-13), and thersfore there
were ten (10) returning gain loops making the system more complex. In
order to simplify the system, zero gains werse introdusaed, where those gains
were very small in the state feedback gain vector,and in doing so returning
gain loops were aliminated end the system became simpler.

The resulted state-feedback gain vector is:

K =(-0.0188 -0.0279 0.0000 0.0290 0.0000
0.0000 0.0000 1.7732 -2.0162 0.0131]
(111.B.3-1)

Following the same procedurs, as in the case of State-Feedback
Designed Autopilot, the step responses and Pole-Zero Map plots were
cbtained and analysed.

The pole locations of the simplified state-feedback autopilot are
found to be at:

2, = 0.134458 + § 0.0321064 (111.8.3-2)
2, = 0.134458 - § 0.0321064 (111.8.3-3)
23 = 0.896805 + § 0.0911170 (I11.8.3-4)
24 = 0.896805 - § 0.0911170 (111.8.3-5)
25 = 0.953644 + § 0.0290202 (I11.8.3-6)
2¢ = 0.953644 - | 0.0290202 (111.8.3-7)
29 = 0.998202 (111.8.3-8)
2g = 1.000000 (111.8.3-9)
29 = 0.995608 + | 0.0830713 (111.8.3-10)
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; 2,0= 0.995608 - | 0.0830713 (H11B.3-11) i
i A comparison of the above pole iocations with those of the state- .
= feedback designed autopilot (equations IILB.2-11 through II1.B.2-20) show & *;,»"
: very small shifting of the poles of the simplified state-feedback autopilot *_.tf
~ Soan
Q" to the left. . oY
Figure 3.7 shows the time response of the pitch normal acceleration 5\:

(n,) for the simplified state-feedback autopilot. An input step function
representing “1 gee” was used. The response shows that the steady-state L"Aiﬁj.-'l'f
error is greater than in the case of state-feedback autopilet (Fig. 3.1), but
is whithin the requirements.

Figures 3.8 and 3.9 show the time responses of pitch angular rate (q)
and pitch tail incidence (§,) for the simplified state-feedback autopiiot. A

v LA N Y e v v
f -' Y e
‘¢

comparison with the corresponding time responses for the state-feedback

autopilot (Fig. 3.2 and Fig. 3.3) shows no significant differences.
Figures 3.10 through 3.12 show the Pole-Zero Map plots of n,, g, &,

All the poles, given by equations I11.8.3-2 through II1.B.3-11, are inside the

unit circle and the system is stable. There are no real zeros in the system. e

C. ESTIMATOR DESIGNED AUTOPILOT :
1. Design Approach and Analysis of Discrete Closed Loop Estimator
The control lew designed in the last section II1.B assumed thet all

states were available for feedback. Since, typically, not all states are
measured, an estimator must be design in order to estimate all the states, P

.. .
given measurements of a portion of them. If the state is X, then the ;'.;2-_:;._;33
estimate is X and the ides is to let U = -LX, replacing the true states by \i
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their estimates in the control law. Figure 3.13 shows an open loop estimator

and Figure 3.14 shows a closed loop estimator.
The characteristic equation of the closed loop estimetor is:
det{ 21-A+LH ] = 0 (IN1.C.1-1)
Ta select L, we take the same approach as we did when designing the

controi law K.

If we take the transpose of A~LH, we get AT-HTLT, which is the same
form as the system matrix A-BK of the control problem. Therefore if we
substitute AT for A, HT for B, and LT for K, we can use the control design
results.

Then utilizing Ackermann’'s formula program (Appendix D), and using

sample time T= 0.0125 sec, the matrices AT for A, HT for B, where »__4
Wzlo o o 1 o0 0 0 0 o0 o] x
(111C.1-2) =

assuming that we can only measure the state X, = q, and taking the

.

desired pole locations of the estimator to be slightly to the left from the o
original open loop eigenvatues (equations II1.B.1-3 through 1I1.B.1-12), as
shown below: _ﬁ_,g
sy =-159.729 + § 18.9921 (I11.C.1-3) g

s, = -159.729 - § 18.9921 (L11.C.1-4) :

83 = -8.29548 + | 8.05932 (1ILC.1-5) T

84 = -8.29548 - | 6.05932 (111.C.1-6) B

g = -3.76425 + j 251463 (11.C.1-7)

8 = -3.76425 - | 251463 (111.C.1-8) T

sy = -0.148930 (I11.C.1-9)
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gg = -0.005004
S9 =-0.079393 + j 6.65959
810 = -0.079593 - j 6.65959
we obtain the estimator gain vector :
LT=| -1.8784 0.0200 -0.0972 0.0219
-0.0015  0.3860 0.0720 0.0007

(II1.C.1-10)
(c.i-11)
(II1.C.1-12)

0.0041
-0.3370
(1.C.1-13)

Utilizing Compensator Transfer Function Analysis from TRANFUNC

option of ORACLS and using the matrices A, H and L the closed loop

estimator autopilot was designed and analyzed according to step responses

and Pole-Zero Maps.

2. Performance of System

The closed loop estimator eigenvalues, detl z2I-A+LH ] = 0, obtained

from Compensator Transfer Function Analysis are:
2y =0.140601

2, =0.101457
25 =0.897018 + | 0.0908305
24 =0.897018 - j 0.0908305
25 = 0.953599 + § 0.0299821
2 = 0.953599 - § 0.0299821
27 =0.995619 + | 0.0830597
2g =0.995619 - § 0.0830597
29 = 0.996203

2,0 = 0.999998

(111.C.2-1)
(111.C.2-2)
(111.C.2-3)
(111.C.2-4)
(111.C.2-5)
(I11.C.2-6)
(I11.c.2-7)
(111.C.2-8)
(I11.C.2-9)
(I11.C.2-10)




AOX

A comparison of the above eigenvalues with those of the closed loop sg_}

regulator eigenvalues detl 21-A+BK )=0, (equations IILB.2-11 through RR2005

! 111.B.2~20), shows an acceptable difference since we estimated the entire :F::::'{::-'t
state vector from the measurement of just one state, namely the pitch C:E:
anguler rate (q), and we moved the desired pole locations of the estimator 0 h.-':f-x‘

to the left of the original open loop eigenvalues, in order to get & faster
response.

Figures 3.15 through 3.17 show the discrete ciosed loop estimator

’ ;.r.‘. ER "v""

e :.,"',".."‘."'. Tt

time responses of pitch normal acceleration (n,}), pitch angular rate (q), and )
pitch tail incidence (&;,). An input step function representing "1 gee" was '
used. A comparison of the responses mentioned above with the
corresponding time responses of the state-feedback autopilot Figures 3.1 .'::;:-_i;:.
through 3.3 shows no differences. This is due to the fact that the same S
(zero) initial conditions was used for both cases. yo
i Figuras 3.18 through 3.20 show the Pole-Zero Map plots of ny, q and &, S
for both the state-feedback and the estimator designed autopilots. All the S5
poles, given by equations IIL.C.2-1 through II1.C.2-10,are inside the unit W~.
circle and the system is stable. RORS
The zeros of the estimator's pitch normal acceleration are found to be \
ot: :\
2y = 0.1053 (I11.C.2-11)
2, = 0.8970 + § 0.09080 - (111.C.2-12)
2z = 0.8970 - § 0.09080 (111.C.2-13)
24 = 0.1413 (II1.C.2-14) R
25 = 0.9956 + | 0.08307 (111.C.2-15) i
g
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0.9956 - § 0.08307
0.8468
1.0000
0.9962

SR (g )

(111.C.2-16)
(I11.C.2-17)
(I11.C.2-18)
(111.C.2-19)

The zeros of the estimator's pitch angular rate are found to be at:

2y
22

23

0.9956 + § 0.08307
0.9956 - § 0.08307
0.8970 + § 0.09081
0.8970 - § 0.09081
1.0000
0.1056
0.9982
0.9536 + § 0.02998
0.9536 - § 0.02998

(I11.C.2-20)
(111.€.2-21)
(111.C.2-22)
(111.C.2-23)
(111.C.2-24)
(111.C.2-25)
(I11.C.2-26)
(111.C.2-27)
(I111.C.2-28)

The zeros of the estimator's pitch tail incidence are found to be at:

0.9958 + | 0.08305
0.9958 - § 0.08305
0.9536 + § 0.02997
0.9536 - § 0.02997
0.1413
1.0000
0.9982
0.8970 + | 0.09081
0.8970 - § 0.09081
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(111.C.2-29)
(111.C.2-30)
(I11.C.2-31)
(I11.C.2-32)
(111.C.2-33)
(I11.C.2-34)
(I11.C.2-35)
(111.C.2-36)
(I111.C.2-37)
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For the same reason, as in the cass of simplified state-feedback

autopilot, in order to eliminate retuming 1oops in the design of simplified
estimator sutopilot, zero gains were introduced whers the gains of the
estimator (equation IIL.C.1-13) were very small. Then the resulted gain

vector is:
LT=[ -1.8784 0.0200 ~0.0972 0.0219 0.0000
0.0000  0.36860 0.0720 0.0000 -0.3370)
(I11.C.3-1)

Following the seme procedurs, as in the case of the Estimator
Designed Autopilot, the time responses and Pole-Zers Map plots were
cbtained and analyzed.

The pole locations of the simplified estimator autopilot are found to
be at:

2, =0.140707 (l11.C.3-2)
2, =0.101090 (111.C.3-3)
23 = 0.896885 + § 0.0938778 (111.C.3-4)
2, = 0.896885 - § 0.0938778 (II1.C.3-5)
25 = 0.953662 + § 0.0260601 (111.C.3-6)
2¢ = 0.953862 - § 0.0288601 (111.C.3-7)
27 = 0.995605 + | 0.0830655 (I11.C.3-8)
2 = 0.995605 - | 0.0830655 (111.C.3-9)
29 = 0.998202 (111.C.3-10)
2,0 = 0.999985 (LI1.C.3-11)
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A comparison of the above pole locations with those of the estimator
designed eautopilot (equatfons I[II.C.2-1 through III.C.2-10) shows no
significant differences.

Figures 3.21 through 3.23 show the simplified closed loop estimator
time responses of pitch normal acceleration (n,), pitch angular rate (q), and

pitch tail incidence (&,). An input step function representing "1 gee" was

used. A comparison of the above responses with the corresponding time
responses of the estimator designed autoptlot (Figures 3.1S through 3.17)
shows no significant differences.

Figures 3.24 through 3.26 show the Pole-Zero Map plots of n,, q and &
for the simplified estimetor designed autopilot. All the poles, given by
equations II1.C.3-2 through III.C.3-11,ere inside the unit circie and the
system is stable. There are no significant differences in the 2zero's
locations from those of the estimator autoptiot (equetions III.C.2-11
through 111.C.2-37).
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A. GENERAL

The control design procedures described in chapter II and III were applied
to systems with one input and one output. The transfer-function approach in
[Ref. 3] is fundamentally limited to single input/output systems while the
state-space methods of chapter III were limited to single input/output to
simplify the procedures. In fact, if one tries to appiy the "pole-placement”
approach of chapter III to a multivariable (more than one input or output)
system, all the procedures work but the gains, K or L, are not uniguely
determined by the resulting equations. Until a design approach is available
which intelligently uses this extra freedom, the pole-placement concept for
estimator designs for systems with more than one output or for controller
designs for systems with more than one input has limited valus.

In this chapter the pole placement and robustness design program
(POPLAR), [Ref. 8] was used as a tool in the design of multivariable systems.
This program is designed to employ singular value analysis and the use of an
optimization to aid in pole placement control system design for linear
muiltiveriable systems. Robustness of the system is also considered by
establishing singular value levels which correspond to multiloop gain and
phase meargins determined from the universal gain phase diagram developed
by Newsom and Mukhapadhyay at NASA Langley.
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B. DESIGN APPROACH AND ANALYSIS OF THE DISCRETE STATE
FEEDBACK AUTOPILOT

The first step in any multivartable design should be an attempt to
find an approximate model consisting of two or more single input/output
model or eise decouple the control law matrix K and the estimator law
matrix L. This step will give better physical insight into the important
feedback variables and may lead to a plant description which is
substantially simpler for design purposes and yet yields no significant
degradation from an analysis based on the full multivariable system.

Combining the pitch and roll channel autopiiot, the roll channel taken
from [Ref. 7], a seventeenth (17t) order system is obtained and is shown in
Appendix E.

Utilizing Transfer Function Analysis from TRANFUNC option of ORACLS
and using the combined pitch and roll matrices A, B and K the discrete
closed loop system was obtained and analyzed according to time responses

and Pole-Zero Map plots.

C. PERFORMANCE OF SYSTEM

The discrete state-feedback eigenvalues, det| zI-A+BK|=0, of the
coupled system, obtained from Transfer Function Anslysis option of
ORACLS, are:

2y = 0.134462 + § 0.0320974 (IvV.C-1)
2, = 0.134462 - j 0.0320974 (IV.C-2)
25 = 0.896990 + j 0.0906457 (Iv.C-3)
Z4 = 0.896990 - j 0.0906457 (Iv.C-4)
25 = 0.953624 + j 0.0299994 (IV.C-5)
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2 = 0.953624 - | 00299994 (1v.C-6)
- 2, = 0.998202 (IvV.C-7) L
2g = 1.000000 (Iv.C-8) P
25 = 0.995608 + | 0.0830713 (1v.C-9) iE
2,0= 0.995608 - | 0.0830713 (Iv.C-10) ik
2y1= 0.0993086 (Iv.C-11) N
2,52 0.836553 + j 0.306107 (Iv.C-12)
2,3= 0.836553 - j 0.306107 (IV.C-13) °
214= 0.967788 + j 0.0334452 (1Iv.C-14) "
21s= 0.967788 - | 0.0334452 (Iv.C-15)
2162 0.895730 (Iv.C-16)
247= 0.938133 (IvC-17) ‘
Since all the poles are inside the unit circle the coupled system is
stable.
Figures 4.1 through 4.3 show the closed loop time responses of pitch -
normal acceleration (n,), pitch angular rate (q) and pitch tail incidence (&,).
An input step function representing "1 gee" was used. All the responses are
identical to those obtained for the uncoupled pitch channel and therethors -
they meet the desired requirements.
Figures 4.4 through 4.6 show the Pole-Zero Map of n,, q and &y
respectively. The poles of the system are given by equations IV.C-1 through T
IV.C-17 and they are the same as the uncoupied closed loop poles (equations _
I11.B.2-11 through II1.8.2-20). There are no reai zeros in the state feedback \
coupled system. I
107 x
Y




)
.J.V“W

3.0

LEGEND
W RMAL ACCELERATION.NZ
2.5

- ..\-. -
I

e e S T
D W AP W P W W

...........................................................................................................................

©
o
o
c
©
=
O
-t
a
o
®
2
a
=
o
(48
=
£
T
»
>
c
o
par
o
[
@
2
®
o
o
. 8
£
[
=
=
=
O
ot
-
o

-
o
a
o
ot
>
<
kv
O
o
.W .
5] @ )
7] @ .
............. @ L o ;
- <31 Q@ o e
= - — .
= © e
= - P
w
@® .~ ‘s
o ...
@ .
............. r|0.. Q ..L.
@
o ...._
) "
[
c "
c ‘Y
a © e
LS 2
o ....
.-l
- s
4 ...k.l
e e X
y T T T T ~ T Y T e 3 el
"t o1 é0 g0 20 2°0 co *o Lo 20 10 00 10~ o
ZN'NOLLVYATIOOV TVIWHON HOLId w .M
S

{
‘o
1
v
i
.
.

u12 ‘ . w3 LM HIADYD TV O] vZSOZLhI

S ey s P Crefy Y e [+ e % N St ) S v .....

A St 4 .......‘... , STt . \.:.....A..Arr . L




ATa rrrrr. 2
PTRICIE. I XA A Pt
[ S e N R A ) R R ’
AL AP oYy

[P I SEN SN *

e
o A.bn
@
c
| =
o
£
o
0 —
9 o
o
©
=
©
£
[ ]
->d
° —
29 a
o
Q o
a 2
aa
8]
® 09
7] -5
S m < o
= = 3¢ o
= | and “
=~ w o
> v
o
S0
. S u
.2 (+ 4 &
| .
0 O .
p— P - .
3 .
gs K
c o .
g u ,....
-
a S o -]
- - O i
—— .
a o .
+ 4
s
o~ o
< N
o u..,.
o @ ]
T T T ¥ i T T L L T T T T T L4 T T u ..
000 100~ 200~ £€O'O- Y0'0~ CD'O~ 00'0~ L0'O~ 600~ 800~ OTO- 110~ 210~ £10~ %10~ CI'0~ 910~ 41 0-8BV'0- o a
O'ALVY YVINONV HOLId - e
-.. ..
. ..‘
..,..
Potddd s d Ple sou s IR0y 1Y ADNAOHIETIN ..\-
) - .s nl_
ABDERNN 20t a8y e C e .o ,..........._.,' w FOTE LI ...‘ . , : o A.. e ,,...‘....... AEAEN N ot

EY




POOYNND - A

CLONVE FaRE R T F YRR N

1CE(y AT

REPROD:

0 05

PITCH TAIL INCIDENCE, 6P
0.025 0.030 0.035 0.040 0.045 0.050

0.020

0.015

0.010

LEGEND
0 PITCH TAIL INCIDENCE.SP

0.005

0.000

0.5 1.0 1.5 2.0 2.5 3.0
TIME - SEC

Figure 4.3 Pitch Tail Incidence vs Time; Coupled Pitch and Roll Chennels;
Discrete State-Feedback Autopilot.
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D. ROBUSTNESS OF SYSTEM

With the rising interest in multiveriable control theory brought on by
increasingly complex systems the need has arisen to develop design methods
that will allow the designer to specify system performance while at the
same time ensuring relatively high stability mergins or robustness. In the
single-input-singie-output (SISO) case the designer has hed the tools to do
these tradeoffs in the form of Nyquist, Bode and root-locus plots. In the
multi-input-multi-output (MIMO) case the classical methods are not totally
eppropriate.

wnh the increased interast in MIMO systems numerous methods of design
have been employed to obtain suitable system performance and robustness
with verying degrees of success. One primary method of design is to keep
the plant as decoupled as possible throughout the design so that each
individual element may be controlled independently and designed essentially
as a single loop system. In another procedurs the multiloop system is
modified into a system that has diagonal elements that are much larger than
any off-diagonal elements. This diagonally dominent system is then in a
form where conventional Nyquist type techniques can be employed in the
analysis. A third common MIMO design method is that of the Linear Quadratic
(LQ) method. This method uses @& quadratic cost functional and
optimamizstion principles to allow the designer to design for various
performance levels by adjusting the matrix weighting terms used in the
cost function. The major difficulty with all of the above methods is that
they are not necessarily robust. This is especially true for cross-coupling
terms between loops.
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A simple interpretation of robustness is the ability of a system to
tolerate design pertubations. These pertubations could be in the form of
actuator failures, plant parsmeter uncertainty, unmodeled dynamic or
nonlinear terms, or any one of many other pertubations to the nominai
design of the system.

The analysis of the robustness of the system was obtained using the Pole
Placement and Robustness Design Program (POPLAR) developed in [Ref. 8].

Uttlizing the above program and using the data file shown in Appendix F
for the state feedback autopiiot, and the data file shown in Appendix G for
the estimator autopiiot, the system found to be robust.

Figures 4.7 end 4.8 show the Minimum Additive Output Singuler Value
(SVADMO) vs frequency for the state feedback and estimator designed
autoptiots respectively. It 1s noted thet for very low frequencies the values
of SYADMO are above 0.80680 and 0.83976 for each of the designs. '

Figures 49 and 4.10 show the Minimum Additive Input Singular Value
(MIN.ADD.IN.SV) vs frequency for the state feedback and estimator designed
autopilots respectively.

In the case of state feedback autopilot the ordered complex eigenvaluses
(input), and the ordered computed eigenvalues (output) are:

Qrdered input Orgdered output
-0.01000 + j 1.00000 0.09931
0.09928 0.13446 - § 0.03210
0.13199 - 1 0.03194 0.13446 + § 0.03210
0.13199 + j 0.03194 0.83653 - § 0.30610
0.83522 ~ § 0.30974 0.83653 + § 0.30610
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; Discrete Estimator Autopilot.
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a e mr e h i i st o e o oA A AL AL S A K s e e -
0.83522 + § 0.30974 0.89571
0.89380 0.89698 - § 0.09064
0.89699 - J 0.09067 0.89698 + j 0.09064
0.89699 + § 0.09067 0.93813
0.95363 - § 0.02998 0.95360 - § 0.03001
0.95363 + § 0.02998 0.95360 + § 0.03001 ‘
0.96909 - § 0.03286 0.96776 - | 0.03345
0.96909 + | 0.03266 0.96776 + ] 0.03345 ¥
099561 -  0.08307 0.99559 - § 0.08307 a
0.99561 + § 0.08307 0.99559 + | 0.08307 : 8
0.99820 0.99820
1.00000 1.00000 e
In the case of the estimator autopilot the ordered complex eigenvalues
(input) are the same, as in the state feedback autopilot, and the ordered *
computed sigenvaiues (output) are: ‘.. j
0.07717 o
0.09855 H;
0.25923 R
0.69508 2
_ 0.83707 + j 0.30140 e
5 0.83707 - § 0.30140 }
y 0.89849 1
o 0.90064 .. e
| 0.93996
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0.96207
0.96562 + § 0.03401
0.96562 - j 0.03401
0.99559 + § 0.08307
0.99559 - § 0.08307
0.99820
1.00000
1.06596
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V. CONCLUSIONS AND RECOMMENDATIQNS

A. CONCLUSIONS

The goal of this thesis was to design end analyze the discrete
longitudinal autopilots for BTT and STT missiles.

The following are the principal conclusions based on this work.

1. The continuous and discrete longitudinal autopilots were proved to
have identical performances.

2. The State-Feedback and Estimator sutopilots were introduced as
additional dynamic designs in order to implement control into the original
system. Both performances were found to meet the desired requirements.

3. The Simplified State-Feedback and Estimator autopilots reduced the
complexity of the system, by elimineting returning gain loops, and without
any significant effects on the system’s performance. |
4. The performance of the Coupled Pitch and Roll channel autopilots was
found to be satisfactory and also proved to be robust.

B. RECOMMENDATIONS

In order to make the whole design even simpler more returning gains
loops, of the Simplified State-Feedback and Estimator autopilots, must be
eliminated. A further investigation then must be conducted in order to
examine whether the performance of the resuiting design remain unchange.
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APPENDIX A

GEQMETRIC AND MASS PROPERTIES QF MISSILE CONFIGURATION

weight (1bs)

Maximum Diameter (in)
Length (in}

L (Slug Ft2)

I,y (Slug Ft2)

I, (Slug Ft2)

Center of Gravity Distance from Nose (in)

Reference Length (Ft)

Reference Area (Ft2)
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APPENDIX C

A M

Read in A, B, T, and N;, the number of states.

Comment: first we will read in the desired pole location in the
plane,convert them to z-plane polynomial coefficients, and construct
«(A).

| <« {dentity matrix, Ny x N,

ALPHA < |

k € |

If k > Ng, go to step 18.

Read in pole location k as a+jb.

If b=0, go to step 14

Ay € -2 exp(aT)cos(bT)

A, € exp(2eT)

ALPHA <« ALPHA x (A X A + AjA +A5)

kK € k+2

Go to step 6.

Ay € exp(eT)

ALPHA <€ ALPHA x(A-A;x1)

k € k+1

Go to step 6.

Comment: now we construct the controllability matrix.
C « |
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200 E € B
21, k € |

ca

N

22. It k>N, go to step 28. be
e

23, Comment: replace column k of C by E. RN

24. Cl;kl«E
2 25 k€ k+l _
26. E « AXE B

i 27.  Gotostep 22. ,
."{:: 26. Comment: now solve for the control law, first form e, as the last

= W
A [
Nah

"~
- By Sy

-"., <+
Pt}

row of |
20, E € IN; ] o
30. SolveDC =E forD.
31. K =DxALPHA )
32. END .

':.‘;J‘:{"-‘"/
» »
s ."k"'.,

?
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